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ABSTRACT
| 33/9%
Oscillator strengths have been computaed for all

possible electric dipele transitions between the terms

nts, nds, nt

P, nBP, nlb, and-nBD, where n goes from one
to nine for § terms, two to eight for P terms, and three
to eight for D terms. ‘The computations were carried
through using central field wavé functions with exchange
and configuration inteﬁéétian. The parameters in these
"avé functions had brevioualy been determined by the use
of'ths minimum principal. The cscillator strengths as
eowpuued by the length and velocitv expressicns are re-
porced, ¥Yor the 115 - ﬂlP $eriés, the reeults found
with the accgieration exprassicn are alsc includéd. The
agreement between the xeéults obtainzd with the length
and the velcelty expressions as well as that between the
present work and eariier computations,where available,

give confidence in the dependability of the resulte.
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INTRODUCTION

A kﬁowledge of the relevant oscillator strengths .
is essential for any relatively complete, quantitative
interpretation of an astronomical spectzun. The pre-~
sent work gives the results of the compuéation of the
f-values for the lines in a number of series in the
spectrum of neutral helium. 7o obtain dependable os-
cillaﬁor strengths theoretically, it is necessary to
empléy wave functions of considerzhble accuracy. The
wave functions used in thé cresent computations were
analytic, central field functions with exchange and
configuration interaction. The veasons for the choice -

of wave functicns of thi

2]

particular kind, the proce-
dures employed for the determination of the parameters

vihich cccour in them, and a discussion of their prcobhable

given by Green, ¥olchin, and dohnscn 1965 a,b). If one
excludes the ensrgy of the 178 term, the average agree~

ment hetween computed and observad energies for the

foney-two remaining tes as better than one part in
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300,000 (Green et al. 1965 a). The agreement between
tﬁe oscillator strengths as computed by the length and
velocity expressions for the 118'— nlp series was in
every case to 2% or better (Green et al. 1965 b)}. In

15 ana 1ls -

particular, the agreement for the ils - 2
31P lines with the very extensive computations of Schiff'
and Pekeris (1964) was to 1%. These results suggest
that a'substantial degree of confidence can be placed

in the dependability of oscillator strengths com;uted

from the present set of wave functions.

The spectrum of He T was chosen for investigation
for a number of reasons, The far ultra-violet spnectra
of the light atoms, highly ionized ions and simple
molecules play an imporitant role in the recént observa-
tions of the sun and stars from above the earth's at=-

mosphere {(Tousey, 1264, Strecher and Milligan, 1962),



These spectra are alsoc much to the fqre in the study
of controlled thefmonuclear reactions (Bearden, A.J.,
Ribe, P.L., Sawyer, G.A,, and Stratton, TeFes 1951;
Fawcett, B.C., Gabriel, A.H., Griffin, W.G., Jones, B.B.,
and Wilson, R., 1963:; Fawcett, B.C., Gabriei. A.E;, Jones,
BoBe, and Peacock, W.J,, 1964; Gabriel, A.H., and Fawcett,
B.C,, 1965)., The He X 1soelec tzic sequence is represented
in the solar spectrum by ions up through He IX and the &i
Z seguence by icns »hrough Si XzI (Pousey, 1964). Since
it was unclear at the beginning of the present work whether
the wave functions employed would ba su 2 ficiently accurate
to yield £~values of the degree of dependability dééired,
it sesmed wise to deal with a two electron system first.
Of these systems He T was chosen because of its importange
in both terrestrial and astrophysical sources. iIts spect-
rum has been extensively investigated in the laboratory,
most recently by Martin (1960). Furﬁhermoré there have

+

been numerous theoretical investigations of He I. 2 com=

]

arigson of the present results with this extensive material

e?Tows ocne to evaluate the effactivencess of the methods

3
3

2

=nployed here,



THE WAVE FUNCTIONS

The trial variational wave functions were given the

1@" =£ck?z )

kaf v/

form

Here n is the value of the principal guantum number of the
running electron in whichever series of terms is being con-
sidered, L_ is the total orbital angular momentum guantum

nucber for the series and the jgk's are definesd by the

egquation,
15; =‘éircki ée

where the ﬁ?i's aie lineax comﬁinations of normalized anti-
symmetrized products of Slater orbitals, The or rbitals are
chesen so that Mg =0 and MLso for each product. Clebsch-
Gordan coéfficients are eaployed to assign weights to thése
products such that their linear combinations have the cor-
rect spin and angular aépe dence for eigenfunction in LS-

coupling. The }Vi‘s therefore have the form
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Eexe ,Z i and Ai are the orbital angular momentum guan-
tum numbers of the two electrons with f ié )‘i . the C's
are the Clcbsch-Cordan coefficients, ¥ is the normalization
constant for the spacial part of the antisymmetrized pro-
duct which follaws,o4i£.ﬁhe antisymﬁetrizer operatozr, the
¥'s are surface sPherical‘harmonics_ahd the é.'s are Kroe=-
neker deltas, employed here as spin funétioﬁs. The a;'s
and b;'s are integers, 7 is set equal to the nuclear
c¢harge, the n £ i’s and the n 8 i's are the principal quan-
tum izumbérs of the two electrons, the o(i.'s and the 5 i's
measure the strength of the "effective nuclear’charge“

for each electron.

The procedures by which the adjustable parameters
wézce chosgen haira been descr-ibed elsevhere {Green et al.,
1965,‘.a,b_). Both the linear ones, the ck's; and the cki‘s,
and i(:hé nonlinear cnes, the & i's and 5i's were chosen
by the variational pr’i-ﬁcﬁ_pla. When sets of parameters‘ in
the {/ i's -o£ Eg. (2} have been found which give an en-

erqgy sufficiently close to the experimental value for the

lovest member of any series, the values of these parameters
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one writes
| S * ( )
ﬁaﬂz &t Pt €tz 2; Gz £ %‘

A set of parameters is now chosen to give én energy clbse
to that of the second member of the series. The values of
thesé gérameters in fﬁ- are now fixed, and the process
repeated . Ior‘ﬂ%f- « I N is the value of n for the
hlghé&; series menber of interest, one may write instead
of Eq. (2),

jé;;a AEZ Afg' - (5)

Relts

Por the piesent wave functions, the ensrgies as calculated
with the wave functions of Eqs. {1} and {5} did not differ

by a&s much 1010~6 rydbergs,



CALCULATION OF THE OSCILLATOR STRENGTES

For two-electron systems, the length, velcecity and
acceleration expressions for the oscillator strength or
fevalue for an electric dipole transition take the form

{Schiff and Pekeris, 1964):

£ 2B [0 g Gy ] (1)
Z )7 o - z :
Fie E-Z ///‘{/”,[5‘23,-#59};)%”‘{7/ ¢2)

f G ) gl 69

VWhere atomic units are used throughout and z'is the atomic
number., If the jz n's are exact solutions of a Schrodinger
equation, the three f-values will be the same. If the
solutions are only approximate, the difference between the
comouted results should decrease as the accuracy of the
Qave functions increases, but the physical significance

0% the results is assuved only if the functions are exact
or approximate solutions of a Schrodinger egquation which

adegquately represents the ghysical problem.

The cscillator strengths can be computed by sub~

stituting the wave functions cbtained from either Egs. (1}
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or (5} into Eqs. (6) and proceeding with the direct
evaluation of the resulting integrals. 2An a texnative
and more rapid procedure is to use one of the expressions
given in the literature such as that of Slater (1950)

in which the summations over the possible values of the
magnetié éuanﬁum nunbers énd the corresponding weight-
ing by the Clebsch~Gordan coefficients have already been
carried out for transitions between two sets of Slater
orbitals, one set associated with the contribution.of
one configuration to the lower term and the other with
the ceniribution of another configuration to the upper
term. The mét;ix elements for the transitions between
pairs of contributing configurations are then summed with
tﬁe weights as given by the ck's and eki's. The square
of the dipale matrix elerments are found from Eqg. (25=30)
of Slater?s treatmeni {1260). The'f-values were com-
puted both by the direct procedure and by “he eipgressions
given by Slater. In the absence of a gross error, the
two methods should agree exactly and in fact, this was

the case.
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RESULTS AND DISCUSSION

Tables 1, 2, 3 and 4 give the f-values found for
the series nls - n'lP, n°g - n'BP, nlp - n'ln and nBP -
n'3D respectively., To cbtain the f£~values for an -

1 3D - n'3P, one should

n'ls, n3P ~ n'BS, n"D ~ n’lP, and n

multiply the values given in Tehles 1, 2, 3, and 4 re-

spectively by - (2L + 1) / (2L 3) where L has the
ﬁbw@m ﬁﬂag anw-

value associated with theA e

AMTIALATAA,

w“@ﬁ@w%@@ﬁvﬁé“hﬁﬁg Fox all series, the values of the
oscillator strengths are given both as computed from the
length and the velocity expressions. For the lls - n'lP
series, the value as computed fxom the acceleration e
pressien iz also given. As was pointed out long ago by
Chandrasekhar (1945), the largest contribution to the £-
value as computed from Egs, (6,1),‘(6,2}, énd (6.3) comes
£rom regiens far from the nucleus, at intermediate dis-
tanceé, and close to the éucleus respectively. On the other
hand the minimum principle determines the wave functicn
most 0Lronglj at An cerrmediate disténces, Cne would thus
expect that f-values computed from the dipole veiocity

foxmula will be more dependable than those computed from

the other two expressions., Experience shows that the
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length and velocity forﬁuiae results are usually in much
better accord with one another than with the values ob=-
tained from the acceleiation. In the present case the
acceleration value was found for every line; but the
difference between it and the othér two was often sub-

1

stantial, so that only for the lls - n'"P series did it

seem desirable to include the acceleration results.
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All f-values were also computed using both the wave
functions of Eg. (1} and those of Eq. (5}. In all cases,
with the single exception of the 535 - n'3p series, the
agreement of the results from the length, velocity and
acceleration expressions was closer when wave functions
from Eg. (5) were employed. For this single series there-
fore, the values given in Table 2 are computed with wave

functions derived from Eg. (1).

A comparison of the f-values reported by Grezen et al.

ls - n'lP series, which were obtained

{1¢65 b} for the 1
with wave functions from Egq. (1), with those given here
shows tha typical slightly narrower spread in results from

the three dipole expressions when wave functions from Eg.

{5) are smployed.
. 1 3 1 3
The wave functions used for the S, 78, “P, ~P, and

1y terms were those described by Green et al., {1965 a}.

3
In the case of the D terms, closer agreement between the

various £~value eXpressions were obtained using an older

[

set of wave functions with less configuration interaction

which gave slightly poorer energies,

e e £ W R o = s 3 = ==

N - - - &7
1. Complete tables of the values of as , ¢y, X, by, gé

Ai , Qe , 2nd . as determined both from Eq. (1) and

from Hg. (5) have been deposited as Document o.

with the American Documentation Institute, Auxiliary Pub-

lications Project, Photoduplicaticn Service, Librar
J P
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of Congress, Washington 25, D.C. A copy may be
secured by citing the Document number and by re~
nitting for photoprints or for 35-mm
microfilm, Advance payment is required. Make
checks or money orders payable to: - Chief, Photo-
duplication Service, Library of Congress.

Examination of the more recent wave functions for the 3D

series suggests that these functions can be improved. It
seemed best to publish the results from the old functions

at this time,

Comparison of the present results with those of
™refftz, Schluter, Dettmar, and Jgkgens (1957} shows that
the average difference without regard to sign between the
f-values as determined from the veiocity expression is

4.5% in the 27 common cases.

The rather large amount of material available, from
which Tables 1 to 4 show cnly selected values, demonstrates
certain reqularities. It seems to the authors that a fur-
ther examination of these regularities will allow us to
conpute appreciably morxe dependable f£-values and the xe-

3

computation of the ~D series will await this work.

Cavdl
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